The repetitive equal channel angular extrusion (ECAE) technique was applied to prepare n-type Bi 1:9 Sb 0:1 Te 2:7 Se 0:3 thermoelectric materials prepared from rapidly solidified and stacked foils. Each ECAE process was performed at temperatures ranging from 693 to 773 K in an argon atmosphere. The number of passes in the ECAE process was varied up to 6 passes via route C Y . The texture of the specimens after ECAE was observed using an Orientation Imaging Microscopy (OIM). Observing the texture revealed that basal planes are satisfactory aligned, and that the direction of the basal planes tends to rotate in the extrusion direction with an increasing number of passes. A highly orientated texture was gradually formed by repetitive ECAE processing. Both the number of passes and extrusion temperature were found to affect the texture characteristics. Formation of twin boundaries in the initial stage of the repetitive ECAE plays a key role in releasing the shear strain imposed during ECAE operation. A strongly orientated texture was observed in the specimen after 6 passes of ECAE via route C Y extruded at 773 K. The grain size of the specimen after ECAE, however, was found to be unrelated to the number of passes. The average grain size was within the range 9.0 to 19.2 mm in specimens extruded at 693 to 773 K. Measurements of thermoelectric properties revealed that carrier mobility was strongly dependent on the degree of orientation. Results also showed that a higher power factor of 4:01 Â 10 À3 Wm À1 ÁK À2 was measured mainly due to increased carrier mobility. The Z value of the specimen after 6 passes of ECAE via route C Y at 773 K reached 3:04 Â 10 À3 K À1 . This result indicates that the ECAE technique largely improves thermoelectric properties of bismuth telluride based compounds.
Introduction
Bismuth telluride based compound, Bi 2 Te 3; is a wellknown thermoelectric material possessing superior thermoelectric properties at room temperature. The Bi 2 Te 3 compound has a layered, rhombohedral crystal structure, and their thermoelectric properties are significantly anisotropic. Controlling the crystal orientation and forming fine grains are both important factors for achieving higher thermoelectric performance. Hot deformation techniques such as forging and extrusion are known to be effective in forming a highly orientated texture with fine grains. 1, 2) We have previously reported that the angular extrusion technique was effective in improving both thermoelectric and mechanical properties of Bi 2 Te 3 based materials. 3, 4) Conventional hot deformation techniques also usually cause a smaller initial billet crosssection, and therefore a smaller billet size is unavoidable due to application of higher strain. Utilizing advanced processes is expected to help maintain the size of the billet crosssection during hot deformation for industrial applications.
The severe plastic deformation (SPD) technique has recently become the focus of much attention. 5, 6) Equal channel angular extrusion (ECAE) is the most well known SPD technique. 7) Here, deformation is achieved via a simple shear by pressing specimens through a die having two channels with equal cross-sections. The most important advantage the ECAE process provides is that the pressed specimen retains the same dimensions as the original specimen. Thus the specimen can be repetitively extruded and a huge cumulative strain applied without reducing the cross-section.
Use of the ECAE technique on p-type Sb 2 Te 3 based compounds has already been reported but the power factor (P:F:) of the obtained specimens was somewhat low 4) These results show that the ECAE technique has not yet succeeded in forming a highly orientated texture. Also well-known is that the figure of merit (Z) for n-type Bi 2 Te 3 based compounds is lower than that of p-type Sb 2 Te 3 based compounds.
In this study, we focused on the ECAE technique to control the crystal orientation and to improve the thermoelectric properties of n-type Bi 2 Te 3 based compounds.
Experimental Procedure
Alloy ingots of Bi 1:9 Sb 0:1 Te 2:7 Se 0:3 were prepared by melting a mixture of each metals (>99:99%) in a sealed evacuated silica tube. Rapidly solidified foils were prepared from alloy ingots using the single-roller melt-spinning technique in an argon atmosphere. These foils were then pulverized and sifted through 1 mm 2 sieve holes. These pulverized foils were stacked into an ECAE die made from tool steel. The die channel was a rectangular shape of 30 Â 6 mm 2 . The angle (É) between the inlet channel and outlet channel was 90
. The ECAE process was implemented in an argon atmosphere at three separate temperatures of 693 K, 733 K and 773 K. Figure 1 shows a schematic diagram of the ECAE. Repetitive pressing was performed up to 6 passes. As shown in Fig. 1 , the repetitive extruded specimens were rotated 180 at each pass in order to apply a homogeneous and cumulative strain. Hereafter this route is referred to as route C Y . 12) After ECAE processing, the textures of the specimens were evaluated by Orientation Imaging Microscopy (OIM) using an JSM5610 scanning electron microscope (manufactured by JOEL LTD.) equipped with an EBSD system (available from TSL) running OIM software version 4.6. Each OIM mapping was obtained from an area covering approximately 250 Â 200 mm 2 using a hexagonal grid. The scanning step size was 0.5 mm. Figure 2 illustrates the direction of specimens after ECAE for OIM measurements. Figure 3 shows the cumulative frequency of angle . The angle denotes an angle between the [001] direction at each measured point on the OIM mapping and the direction of (001) plane that is determined by (001) pole figure obtained by the OIM mapping. Here, the P 0:2 shown in the figure is defined in the following equation where 0:2 is an angle at a cumulative ratio of surface area of 0.2.
A smaller P 0:2 indicates that a well-orientated texture is formed.
The Seebeck coefficient (S), electrical resistivity (&), and thermal conductivity ( ) were measured at room temperature along the (001) plane per the OIM mapping. Specimens for measurement were machined to a cube of 5 mm. The value was measured using the static comparative method with a transparent SiO 2 cubic block as a reference sample. Electrical transport measurements via the Hall effect were made under a magnetic field of 0.5 T using ResiTest 8300 manufactured by Toyo Technica. The carrier mobility (") was calculated by the following equation.
Here, n is the carrier concentration, and e is the electron charge.
Results and Discussion

Internal metal flow of ECAE processed specimens
All specimens were fully densified (R.D. >98%) after passing through the ECAE process. Here, a theoretical density of 7.78 g/cm 3 is utilized for the Bi 1:9 Sb 0:1 Te 2:7 Se 0:3 specimen. 13 ) Figure 4 shows grid-lines marked on a crosssectional plane of a specimen prior to a ECAE process and internal metal flows of specimens after 1 and 2 passes in the ECAE process via route C Y at 773 K. Unextruded specimens were prepared by the hot-pressing method solely for observing the internal metal flow. Results from observation in Fig. 4 reveal that simple shearing by the ECAE process can be applied even to brittle material such as the bismuth telluride, Bi 2 Te 3 .
14) An inhomogeneous deformation caused by a frictional effect between the specimen and the die wall was observed lying along the portion adjacent to the inner corner in the cross-section of the single pass specimen. However, this inhomogeneity was improved in the specimen processed with 2 passes via route C Y . A dead-metal zone was formed in the outer corner of the specimen after ECAE processing. A material slip appeared along the surface of the dead-metal zone. The canting angle (0) from the extrusion direction of deformed elements was plotted versus the number of passes (N) in Fig. 5(a) . Under ideal ECAE processing, 0 is given by eq. (3) with a shear strain (). tan 0 ¼ ð þ 1Þ
À1 ð3Þ
The shear strain was also derived by É in eq. (4). In this study, É is 90 .
Due to the dead-metal zone and the frictional effect, the experimental 0 value was larger than the theoretical value. Here, the amount of equivalent strain (" eq ) imposed by the ECAE processing can be estimated by eq. (3). Typically, an amount " eq is given by eq. (5) under the ideal condition of É ¼ 90
.
The relation between 0 and the estimated " eq value was also plotted in Fig. 5(b) . In the chart of Fig. 5(b) , the solid line indicates the relation between 0 and " eq under the ideal condition. Measurement of the 0 value reveals that both the presence of a dead-metal zone and the frictional effect may lead to shear strains which are significantly lower than their ideal values. Figure 6 shows the inverse pole figure (IPF) maps together with the (001) and (100) pole figures of the specimen after ECAE processed at 773 K for various N values. Twin boundaries are drawn in black lines in the maps of Fig. 6 . It should be noted that these IPF maps were observed in the cross section parallel to the extrusion direction and that the TD direction was equal to the extrusion direction as shown in Fig. 2 . The texture at which the (001) poles are canted from the extrusion direction was formed in the specimen after the ECAE process. The (001) pole texture becomes sharper as the N value increases, and the (001) pole of the specimen rotates in the extrusion direction. The (001) pole of the specimen processed in 6 passes via route C Y was canted 14 from the extrusion direction.
Texture of ECAE processed specimens
A large amount of twin boundaries are clearly observed in the specimens subjected to 1 pass and to 2 passes. These twin boundaries became indistinct as the N value increased. This result yields important information on the role of formation of twin boundaries during hot deformation. In the initial stage of repetitive ECAE processing such as 1 or 2 passes, the canting angle 0 changes greatly and the formation of the texture is insufficient. Thus, besides basal slip, the forming of twin boundaries is also important for releasing the strain imposed by ECAE. Basal slip occurs more easily after additional ECAE passes due to the formation of highly oriented texture. In other words, the shear strain is mainly released by the basal slip at this stage therefore new twin boundaries do not tend to form as the N values increase and twin boundaries formed in the initial stage become indistinct due to grain growth. The relation between average grain size (d) and N is plotted for each extrusion temperature of ECAE in Fig. 7 . This relation reveals that grains of specimens processed at a high extrusion temperature tend to be coarse. Moreover, the d value of specimens extruded at 693 K and 733 K is independent of the N value. The d value of the specimen extruded at 773 K on the other hand becomes slightly larger with an increasing N value. Grain growth occurring while the specimen is in the exit channel of the die appears to have little effect on the d value of the specimen extruded at 773 K. These results can conclude that the extrusion temperature in ECAE processing is directly related to the average grain size. The resulting d value in this study is between 9.0 to 19.2 mm.
The relation between the P 0:2 and N is also plotted in Fig. 8 . As shown in Fig. 8 , the P 0:2 value can be seen to improve up to 6 as the N value increases. The resulting P 0:2 value may also depend on the extrusion temperature, although plots of the specimen extruded at 693 K lie within the experimental scatter. When the extrusion temperature is high, the resulting P 0:2 value becomes low.
These results lead to two important conclusions regarding effects that control the texture in ECAE processing. First, repetitive extrusion is needed to form a sufficiently orientated texture. Second, extrusion temperatures in the ECAE process directly affect the grain size and the degree of the orientated texture. The repetitive ECAE process is therefore effective in forming a highly orientated texture on bismuth telluride based thermoelectric materials without forming coarse grains. Figure 9 shows the relation between the P 0:2 and the carrier mobility, " of specimens after ECAE processing at 773 K. The relation to hot-pressed specimen and unidirectional solidified specimen characteristics are also plotted for reference. In ECAE processed specimens, the " value increases as the P 0:2 value decreases along with an increase in the N value. Factors that are widely known to affect the " value include grain size, impurities, grain boundary characteristics, and so on. The P 0:2 value as shown in Fig. 9 has the most dominant effect on the " value and the results are a good match with those for hot-pressed and unidirectional solidified specimens. The result shows that the formation of highly orientated texture appears to play a key role in improving the " value in bismuth telluride based compounds. The " value of the specimen extruded at 773 K reached 2:44 Â 10 À2 m 2 ÁV À1 ÁS À1 . Table 1 shows the thermoelectric properties of the specimen after 6 passes of ECAE via route C Y with extrusion temperatures. The S values are nearly equal each other since the listed specimens were extruded using the same foils. This suggests that the extrusion temperature has less effect on the carrier concentration. The value of the specimen extruded at 773 K was 1.32 Wm À1 ÁK À1 , although the P:F: value of 4:01 Â 10
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Wm À1 ÁK À2 was nearly equivalent to the P:F: of unidirectional solidified specimens. The value of course decreases with lowering extrusion temperature. However, a lower extrusion temperature such as 693 K is not sufficiently high for forming a highly orientated texture. Because of this reason, the P:F: value of the specimen extruded at 693 K is the lowest in the present work and the resulting Z value of the specimen is also the lowest. In the ECAE process one can see that a highly oriented texture must be formed prior to obtaining fine grains. In this study, the maximum Z value of the specimen extruded at 773 K reached 3:04 Â 10 À3 K À1 . The above results allow concluding that utilizing the ECAE process on bismuth telluride based thermoelectric compounds promise to achieve a higher P:F: by forming a highly orientated texture.
Summary
Observation of the internal metal flow showed that ECAE processing was successfully performed on n-type Bi 1:9 Sb 0:1 -Te 2:7 Se 0:3 thermoelectric material. The actually imposed shear strain was lower than that in ideal ECAE operation because of a dead-metal zone and a frictional effect.
The ECAE process forms the texture, at which (001) poles are canted from the extrusion direction, in the specimen. To obtain sufficiently orientated texture, repetitive extrusion is necessary. Formation of the twin boundaries plays a key role in releasing the shear strain imposed in the initial stage of repetitive ECAE operation. The extrusion temperature in the ECAE process exerts an important effect on texture characteristics such as the degree of orientated texture and the grain size. The result also shows that the number of passes has no significant influence on the grain size up to 6 passes. The grain size changes in a range from 9.0 to 19.2 mm depending on the extrusion temperature.
The degree of the aligned texture strongly affects the carrier mobility. The resultant Z value reached a maximum of 3:04 Â 10 À3 K À1 on the specimen extruded for 6 passes of ECAE processing via route C Y at 773 K.
These results reveal that the repetitive ECAE technique is effective in controlling the texture of bismuth telluride based compounds and improving their thermoelectric properties. Fig. 9 Relation between the preferred orientation angle, P 0:2 and carrier mobility, " of the specimens extruded at 773 K. 
